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Abstract

It is the purpose of this report to present the results, insofar as
is possible, of the physics research that has been done on the Clinton
Pile. The size of the pile has been determined and the critical La-
placian is given as approximately -102 x 10™°, The comparison between
the inteprsiion of long period reactivity measurements and reactivity
determinations by means of short pericds and the inhour formula indi-
cates that the formula gives values 20% low.

Temperature coefficients for the pile as.a whole, for the metal, and
for graphite are summarized in Teble III of Jection III., If allowance
is made for the change of density of air with temperature, graphite shows
an unexplained negative temperature coefficient, The coefficient for the
metal is larger than the reported Doppler effect measurements indicate.

Preliminary resulte based on a méthcu of calibrating the pile while
it is at operating equilibrium are given in Section IV.

Accurate calibrations of the resulating rods are reported in Sectlon
V. These have been obtained by determining the amount of motion neces-
sary to compensate for the introduction of a small cadmium strip while
maintaining the temperature of the pile accurately constant. Measure-
ments of the ripple due %o the metal absorption and of the effect of
poisoning are alsoc reported in this section. The coordinate system used
is deseribed in the appendix, ' '

A development of appropriate counting foils and neutron flux measure-
ments made with them are reported in Section VI _ r

The actzvxty in the cool iné air is about 5 x LO ~Ll curies per cc due
to the active argon and an approximately equal amount due to fission -
proiucts, The origin of the fission products has not yet been
definitely determined. It has also been found that about one-half of
the active argon is retained in the grauhlte and diffuse out slowly,

The total amount of argcn activated is in close agreement with that

to be expected,
WRK




.
o >

B : ‘ A : Seetion I -

The Change of the Period of the Pile with Loading

Problem Asgignment No, lOOX].P

* In CP-1081 the loading and the monitoring of the pile was dea-
cribed.The most interesting point involved had to do with the change ~
in period of the nile as metal was added beyond the critical loading.
This data was tabulated in that report and a part of it will be re-
considered here in the light of later experience,

In the first lcading after critical for which measurement was
taken there were 369 f£illed channels, However, three channels near
the center of the lattice were empty. "From later measurements des-
cribed in CP=1173 it was found that the removal of a central rod caused
a loss of approximately 22 ih, From the loading data it was found that
an addition of one rod on the outside of the lattice caused an increase
of 3.9 ih on the average. The weight factor between the two is, there-
fore, 5.6, The intensity relative to the center of one of the rods was
.98 and the square of this is .96. The other two rods were the same
distance from center, Their intensity factor is .77 and its square is
.6. The three emp‘by channels are, therefore, equivalent to 5.6x
(964 22.6) = 12, \ Consequently, if the three empty channels had been
filled 312 channels could have been removed from the outside of the
lattice without changing the reactivity of the pile. In Table 1 this
correction is shown as the second column where nine rods have been sub~
tracted from the actual number, In order to calculate the radius of the
active lattice the nunber of rods is multiplied by the area of the gra-
phite surrounding each rod, which is one square lattice unit or 64 sq in.
The radius equivalent to th).s area is found and is then increased by the
augmentation distance L which is of the order of magnitude of the diffusion
length of neutrons in the graphite. Reflector theory does not appcar able
at the present time to state the proper value of & exactly. However, it
should be between 42.5 and 50 cm for ocur graphite which had a diffusion
length about 50 em.

Cur experimental attempts to determine the effective radius of
the lattice seemed to indicate a somewhat larger augmentation distance.
For this reason, caleculations are made on the basis of & 42,5, 50, 57 '
em., 4, = 2.42/r? is tabulated for each value of & and for the various
loadings for which period measurements are available, These values are
sufficiently close together thal the proper value may be found by inter-
polation when a definite degizion can be made on the value of ¥, The
pericd in seconds corresponding to each of the loadings is given in the
sixth column. The seventh column shows reactivity.of the pile in inhours
as calculated fro-zx the formula

A 1~+1o“’ 1’?35*‘?‘-\-83 )
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In the last column of the table the wxesctivity in inhours as
found by Haydn Jones' control rod calibrations is snown. As explained
in Section V these measurements indicate that the above formula gives
the value for the inhours which is 20% low. This secems to be a nearl
constant factor in the range of periods in which we are interested. '

The inhour figures in column 7 are plotted against the values
of the Laplacian for the augmentation distance 50 ¢m as shown in Figure 1,
T-e points farthest to the right on the curve correspont to rather short
periods which are difficult to measure and the agreement of the points
with a straight line is within the reproducibility of the measurements.
This is also true for plots using the cther augmentation distances.

Prom the slope of the curve we can obtain the change of the Laplacian
with the change in inhours. These are shown in the lower part of Table

1 for both of the sets of inhour units %sed  in the table. In order
to convert this to the change in k it is necessary to assign the value

of the migration area. This number is rather difficult to determine and
the value of 680 cm*™? has been selected. A spread of about 7% on each
side of this value will include estimestes for this figure based on various .
methods of treating the seme data. : '

. * The mnat probable value for the change of k to
hours is 3.0 x 202 4f we use the inhour calibration calculated from the
short period measurements and 2,4 x 107 if we take the value which is
based on long period measurements, The latter figure seems much more
reliable and is in agreement with information privately communicated
by Mr, Fermi who has altered the inhour formula with the use of later
measurements of the deeay of the delayed neutrons. "

v To determine the critical value of the Laplacian it is .necessary

~ to assign an effective height %o the cylindriezl pile. The actual length-
of metal in the pile 1s-677.5 em. The augmentation distance is less im-
portant here since the contribution to the Laplacian is small, - It has
been decided to addld em to the length of the pile on one end where the
metal and the graphite are approximately flush and 4, em at the other

end where a considerable reflector is present. This glves an answer of
73L.5 cm which is exactly the length of the graphite in the pile, This .
gives the parallel contribution to the Laplacian,

)

.
a2 18 x 200
h2

If this is added %o the critical value for the transverse com-
ponent, the eritical Laplacian of the pile becomes 105 s 100, or 96 for
the different augmentation distances. The most prebeble valve at present
is approximately 102; 3Inasmuch as the experimental attempts to determine -
the radius have been somewhat disappointing and the ssalla fimre cannot be
considered as established, ' : N
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It has been suggested by Mr. Wheeler that it might be well to
give up the concept of the inhour unit and make calibrations on the basis
of the comparison of Laplacian with the period of the pile. However, a
plot of our date is shown in Figure 2 and it is seen that a much more
extensive set of measurements would have to be made in order to be able .
to interpolate the rather complicated curve. Moreover, as is seen here,
there is some question as to the exact value of the Laplacian, whereas
the inhour is defined in a definite experimental basis providing the
calibrations avre based on periods of the order of an hour. Furthermore s
experiments of this kind can only be perfcmed on oeccasions
when a new pile is being built and the - opporiunity for ehecr(:mp
the data is rather meager.

The results of the new calibration were only available after a
considerable quantity of this report had been written. We have also
published a considerable number of preliminary results besed on the
older calibrations, It will, therefore, be necessary in this report to
discuss the inhour determinations on the baiis of the several standardi-
zations., Furthermore, our data has not been taken over a sufficient
range to attempt to set up a new inhour formula and our corrections, con-
sequently, apply only over a limited range of periods. wWe aré rather
confident that the calibrations made by Jones are substantisily correct.
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II, Temperature Measuremsnts and Power Calibration
Problem Aséignment Ho. 100X1P

A considerable number of temperature measurements have been made
at various points and conditions of the pile. Most of this data hes
been given in CP-10381 and 1173. The data arec so complicated that
there seems to be no feasible way to present it in 2 unified form.
Some of this data has been used by Leverett and Lane (CE~-1200) to cal-
culate the thermal conductivity of the graphite. There is much more
date available, but in zeneral it has only been worked up with some
specific use in mind. ’ :

Hr. Kanne has gttempted to measure the energy due to the radio-

- activity of the lumps by observing their temperature imuediately after
the pile has been shut down. This has een surprisingly difficult to
detect considering that there should be/temperature corresponding to
5-10% of the operating power., Further experiments are in progress,

A pover calibration was performed by ¥r. Fermi at the time of start-up
and is renorted in CP~1081. Nothingz further has been done with this
type of msasurement, However, Mr. Leverett's section has caliorated
the venturi tube, Bsth Leverett and the operating group have measured
the power from the increase in temperature of the air and find the pre-~
vious power calibration low by about 104, This discrevnancy is
probably not due to the errors in either measurement but due to the
fuct that the ionizuation chambers have been shilted several times since
Fermifs ealibration and also to the fact that the control rod pattern .
has a considerable effect on the galvanometer reading for the same
power outout. ' :

In CP<1081 it was stated that the neutron flux per watt at the
center of the pile was 6.5 x 10°, A calculation of a theoretical
prediction was also sizted Lo be in agreement with this firure., Hou=
ever, it has since been found that the ecaleulation ig in error and a

study of the flux measurements which were made at that tine wed them

to be lacking in congistency. e now use the figure 4.0 x 1 neutronaéec/
em?/watt as the flux at the center of the pile. This is the correct
theoretical predietion. Techniques are beinz developed to compure the
flux in the pile with o standard Ra-Be Source. However, this reguires

a comparison of the order of a factor of a million and the experiments
have not so far been successful,




Section 11T
The Temperature Coefficient of the Clinton Pile

Problem Assisnment No. 103X2P
© H. W. Newson, W, R. Kanne

HCTE: The following temperature coefficients were measured with control
reds which had been calibrated by measuring several short pile periods
for various displacements of the rods., These were converted into inhours
by the use of the empirical formula as discussed elsewhere; there is
reason to suppose that this formula gives results which are low by 20%.
The low values are used throughout this section of thc report. They have-
also been reported from time to time in previous reports. The table at /
the end of the report summarizes the data with both sets of units. The |
higher set of units is probably the more accurate, ‘ '

The Practical Temperaiturg Coefficient

A number of experiments have been performed in an attempt to de-
termine the temperature coefficient of the Clinton pile under various
conditions, The simplest of these, which we call the practical coef-
Ticient, is the change of reactivity of the pile compared to the tempera-
ture of a metal slug, which we believe to be the hottest in the pile.
This coefficient is affected by temperature gradients in the pile. The
gradients will be effected both by the temperature of the cooling air
and by the volume of the air. However, we have obtained consistent re-
sults under all actual operating conditions so far. Table 1 shows an ex~
periment of this kind in which the pile was brought to temperature
equilibrium at several values of the power output. Inasmuch as the dis-~
placement of three control rcds is involved, the accuracy of the measure-
ment suffers because there are rather serious shadowing effects between
‘the variocus rods., Howsver, the final figure®* of aboub «, =-0,58 ih/CO
is useful in computing the loss of reazctivity from room tgmperature to .
the operating temgperature of the hottest slug, and seams to be reasonsbly
congistent with cur other experiments,

‘The Total Temperature Coefficient

We have made a single measurement of the change of reactivity of -
the plle when the temperature was practically uniform throughout the pile
in both the initial and final states. -

*o7 means a temperature coefficient based on our arbitrary temperature
without correcting for a non-uniform temperature distribution. « implies
a coefficient for a uniform temperature change. The subscripts Y, G, and
T indicate whether the change cccura in graphite, metal or both. The
subseript p indicates the practical coefficient.
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This experiment was performed by heating the pile with steam
radiators which were installed in the inlet air chember. Before the
experiment started there had been no air cirealation for some days
and the temperature of the active portion of the pile was quite uni-
form. The temperature was measured with a thermohm at the center of

Table I
Change in
Power Hetal Temperature Loss in Temp. Coeff.
kw Rear Maximum Reactivity ih =elp ih/°C
100¢C 4612 21 62
200 2C 123-12 62.2 .56
60076 © 15112 79 297

AVeTrafBescen

the graphite structure. The resistsace of the thermopm was initially
97.32 ohms, corresponding to a temperature of 11.0° £, After the pile
bad been heated, the resistance of the central thermohm was 102.2 ohms,
corresponding to a temperature 25,0° ¢, or a net inerease of 14.0° C.

The critical position of the control rod initially was 105.85%, The
pressure was 746.6 mm.Jathe final condition the critical position of

the control rod was 111.66" and the pressure was 750.&tts  The sensitivity
of the control rod in this region was 1.98 ih/", The reactivity of the
pile then decreased by<5.81" x 1.98 == <11.5 ih. This must be corrected
for a pressure change of /4 mm which amounts to 1 ih, and the net change
in ih, therefore, is -11,5+41.0 .. =10.5 ih. This gives a coefficient of
oy = =78 $h/® The final temperature distribution was uniform radially,
but a certein amount of gradient was present longitudinally. However,
these longitudinal gradients are sufficiently close to linear to cause

no particular error in using the central temperature as a uniform tempera-
ture.

The Yetal Temperature CQoefficient

Our most promising method for determining the metal temperature
coefficient when the tempersture of the graphite is held constant is
obtained by allowing the pile to come into equilibrium with the cooling
air at the operating power, Very satisfactory criticel positions mey
be determined under these conditions, The pile is then shut off but
the fans continue in operation and the temperaturebf the metal drops
below the temperature of the graphite. The eritiecal position is measured
under this condition with a very amell power output. If these measure-
ments are made reasonably rapidly, there is very little change in the
grephite tempsrature,

Table I shows three experiments of this kind. In the first two,
the fans were left on during the whole experiment. In the third the fans
were shul off after the critical position was determined and the ceritical
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position was measursd agein. The inhour change as shown is corrected
for the pressure change of 11.0 mm, Io the average the third experiment
was considered much the best of ths three and wes weighted double,

| Table IT
Metal Temperature Tamperature after Loss in reac- ef; q:?
Near Maximum shut down tivity (ih) ih/oC
150 6L - 35 woh07 =063
i 5}-% 9% 39 cl& -~e lélo *‘960
150° 69< 37 = b5T <75
(Fans off, same expi) 76%C 34 =460 -.77

Average =~.43 =72

If & is the practical temperature cosfficient &'y, that of the metal
aloned and ety that of metal and graphite at the same temperature they
are related as follows:

£'p (T2 ~ To) =u'm (Tp = Ty )ty (Ty - To)

ocbm o 238 (2500 = 329) - 43 (150 - 76)

ot =75 inhours/CQ

#here Ty is the temperature of the pile before start-up » Ty is the central
graphite temperature ai ruming conditions, and T2 is the operating metal
temperature in the center. The '*8 are temperaturs coefficlents cal-
culated from the central mebtal tempersbure where there is a non-uniform
temperaturs distribution,

&£ may be corrected o {y by the fact that T T is approxi-
mately prlgpor ional ¢o the neutron flux throughout the pile, Then for
each cell in the pils

871 = (Ty -~ Ty) ¥i/n (center)

anci for each cell ir the pile the loss in k is nroporti.onal to the square
o? the neutron density
Lry| 3
vl i B

g 2 ,  WessiZr (2.
- Ski w@'&?i %-{23 3 = t‘(TZ - T}_} %g.s § me .'.\(Tz - ?})Lﬁﬂ&iggo(zr

The totel change of k le

ake Ty - 1) feos B 4 (éiﬁ}j dz r dr
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Similerly, if T 1s the eguivaleat uniform temperature change
ak«-g?f“ws Jg "lé:}‘ r dr

T SN
Tty AR 083
Sinca the corresponding number for 2 cube is 0.61, it is concluded
‘thet the conversion factor doss not change much with pile shape and may
be used SQfely-on our irregularly shaped pile. The fifth column in
Table II gives the cefrectsa coel fzcxent The correction factor becomes
09 x 0063 = 0.60 when we take into account the fact that the slug ie

two feel down stream from the center of the pile. This location was
chosen in an attempt to use the hobtest siug,

It is more @if “""‘icult to correst uf The temperature distribu-
tican paraliel to the rode seems sufficien gly synmetric to require no
correciion. In a radiel direction the temperature should be considersbly
fiatier than that of the neubron flux because of the strong cooling by
the emntvy channels ai the side. One might approximate the facter as

(.63)Y/3 = 0,85,
"¢ = =80 oy
«£T o - 87

This iz in reasonably gocd agresment with the directly'measured value
Q{' "¢7§¢ .

Other Obgervabions on the NMetal Tempsrature Coefficient

Several other experiments have been performed which throw light
on the temperature coefficient in the metal. All of them are complicated
by the fact that measurement was made on 2 slug a considerable distance
from the center of ithe pile and that neither theoretical or experimental
methods 2re entirely sstisfactory for determining the position of the ac-
tive center. )

The first of these measurements has been previcunsly reported in
UP=1081. The experiment was performed by Mr. Fermi principally for the
**“B@se of determining the power output of the pile. However, while the
tal was hot the critical position of the control rod was found, and the
nem&a*mtare coefficient was repeorted to be approximately S:Hy“bfor the
particular slug. This was corrected to give a coefficient of 66 for the
central slug, shich should be-1:05 for the weighted average temperature,

% We are indebted vo Mr. Welnberg for the evaluation of this factor.
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This yreesult is eonsiderably higher than those of the previous experi-
mente but iz subjeeh ¢o correction on tworxounts. Such measurements as
re have been able Lo make indicate that the slug is somewhat farther

frow the active center then was at first thought. There was also a cone
siderable power oubtput in the course of this experiment, enough to raise
the graphite of the pile appreciably. Since ithe temperature difference
was measured betueen the slug and the neighboring graphite, any additional
vemperature rise in the graphite would give a coefficient apparently too
high. For these reasons, the measurement doss not seem to be in too poor
agreement with the other experiments.

Experiments have recently been performed in which the bsehavior of
temperature and power have been noted after & amall shift of the control
rod under uperabing conditions. These measurements were undertaken mainly
in an attempi to determine the sengitivity of a control rod in a manner
analegous to a long psriod measurement in a pile at room temperaiure.
Howsver, temperature changes were observed which indicated a temperature
coefficient of .7 ib/g, for the particular siug. In this case the correc-
tions for a position in the pile and for mean temperature approximately
cancel each other and the final value is unchanged. This is in feip
agreement with the previous measurements of &,. This experiment will be
diseussed in more debaile :

It was also reported in CP-108L that the temperature coefficient,
obse; rvad when the plle was being flashed for the W shield experiment, was
uch lower than any obther cbservation. In this ecase the power and tempera-
re vere vising very rapldly, vhen this is the case the temperature con-
nuss to increase after the pile is in the eritical condition. In other
s the lump continues Yo healt while the power level is going dom., In
experiments the temperature indicating degices operated with a long
u.q.ﬁ“"" and the sffext observed was therefore not the temperature
ileient, but the cnange in inhours of the pile divided by the maximum possible
ravure. This gave us a value of -,k ih/%.on this particular slug and
* be raduged te aboul ~.35 *i’x/% far the centrsl slug.

@

& o
2
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While the observation repeorted was nci: very accurate, we may maks
an interesting ealculation from ity namely, the maximum number of excess
inkours whizh the cile can stand without reaching a tempsrature .hich
would be permansntly damaging. This temperature would be aporoximately
”'"\«z; wvhich 1s Just below the melting voind of aluminum and the phase
change in wranivm metal. I we, therefore, multiply 600 by .35 we obtain
235 th = 0.75 % XK.

Thé value of -&m.whlch we take as —.72 ih/% is to be compared .ith
wlts of experimints performed in Blooms.ngton {CP-597) on the change

the reg
of resonance absorphicn Wluh temperature. This result was very close to
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one percent change in the zbsorption per hundred degree temperature rise.
Fo convert this to inhours per degree we multiply by 1 - p, the probability
of rsscnance capture and convert this figure to inhours, This is

L0x1072 x 12 . o4y rog,

0 x3x10% 0 °

It is possible that the errors in the two measurements may be suf-
ficient to allow agreement, However, the discrepancy appears to be con-
siderable, It would seeam advisable %o devise experiments to see if any
other factor besides the temperature effect of the resonance neutrons
mey be causing the discrepancy. :

An attempt has been made to account fer this disecreoancy by the
temperature distribution in the graphite near the metal, Qur thsrmocouples
vhich measure graphite temperature are located several centimeters from the
nearest metal, However, the hottest parts of the graphite are near the
line contacts between the slugs and the bottoms of the channels. If these
"het" soots extend into the graphite by a distance of the order of the mean
free path and are at approximately the temperature of the metal, the
reutrons passing through the spot will be changed in temperature. This
would add a part of the offect of graphite in vacuum to the resonance ab-
sorption,

However, Messrs. Nordheim and Soodak have calculated eetempera-
ture of this *hot" spot and find that the average temperatn:r one centi-
meter frox the slugs is only one or two degrees. This effect must, there-

fore, be neglizible.

Tefiberature Coefficient of the Graphite and Correction for the
Atmospheric Effect

The differereiy ~ {y is equal to “y, the temperature coefficient
which would be obtelned if the temperaiure of the metal were held constant
and the temperature of the graphite were changed. This is equal to .72
~ 72w 0 ih/oC, Or, within experimentsl error, the effect of changing
the graphite temperature alene is negligible, Hiowever, if the reaction
were baing carried oubt in vacuum or in an atmosphere of a gas such as
belium which does not absord neutrons, a sizeable negative temperature co-
efficient would be found. When the pile is operated in an atmosphere of
air an increase in {emperature decreases the density of the nitrogen in
the pile and in this parkticular case it appears to compensate the tempera-
ture coefficient almost exaectly. An equivalent change of pressure will
change the densily of the air by the same amount as the change of tempera-
ture. This, therefore, is approximetely 748.5/291 times the barcmetric
coefficient. We do not yet have a thorcughly reliable measurement of
this coefficient but we do have measurements that indicate that it is
between .26 and .18 ih/ma of mercury. If we atcept .21 as a tentative
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value we get -.52 ih/C as egual to *gs The same corrections gives us
~1.23 for & in vacuun.

Since the change of densiiy of the atmosphere affectgprincipally the air
in the pores of the graphite there is little analsgous correction to be
made in the case of . = &nly one sixth of the eir in the pile is in
the cooling channels, The temperature of this eir will be influenced
by the metal temperaturs, but, considering that the metal has only 44 per-
cent as much surface as the graphite, the correction should be 0.53 x 0.17
x 0.4k = 50.0k ih/C°, This gives a value ofdly, in vacuum of -0.76.

Discusgion

The very considerable negative tempsrature coefficient ¥, cannot
be explained by any known effect. It is presumed {0 be due to & change
of 5 {the number of nsutrons produced per slcow neutron sbsorbed in uranium)
with temperature, In other words, an increase of the temperature of the
graphite increases the average energy of the neutrons which presumably
decreases the probability of fission relative to the other reactions which
may occur when 2 thermal neutron is captured. ZExperimental work now going
on at the Argonne Leboratory may verify this effect.

It is also possible to assume an /1 effect to zecount for the dis-
crepancy between &g and the change of resonance absorption with tempera-
ture, This would presumably be due to a decrease of the probability of
fission due to an increased thermal ensrgy of the uwranium atoms, Ancther
possibility is resonance capture by 25 Lo form 26. This effect may be .
prezent with a probability considerably less than that of fission (CP-1255).
The increase of this effect with femperature would cause a loss in addition
to that observed at Blocmington. However, it seems uniixely thal the ef-
fect would he large encugh.
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Table IIIX
Inhours based on  Inhours based on
short period long periocd
measurements measurement it
SK 3.0 x 1077 2.3 x 1077
& ih
£D 0,58 —0966
C‘T - . “'0075 "'.0081
o (vacuun) -1.23 - =L.39
Zm ) : ‘ nO',,?Z "0081
«n (Tacuum) «0.76 «0,86
i (vacuum) <0.40 ~0. Lk
(Calculated from CP-597) '
G : o] 0
e {vacuun) ~0.49% ~0.63
The temperature coeffieient
due to the air in the pile.
8 ik 0.20% " 0.25
£ me Hg
This section of ‘
the raport usaes This column is
the figures in based on scunder
this column. calibration and
is probably core
rect,

* Provicusly published data uses the units in Column 2 except the two
marked with asterisis which are based on the calibration in Column 3.

## In Section V it is pointed out that calibrations based on short

period measurements at start-up differ by six percent from similar
measurements made recently. It is probzble that this represents a

real change in the caliibration curve due to changes in the pnile between

the two sets of measurements, Since most of the temparature ccefficients
vwere measured some time ago the earlier periods give the better calibra-
tion,% For that reason the figuwresiin this column are raised 14% instead

of 20%.




Section IV

The Reactions of the Running Pile to a love-
ment, of a Contrsl Rod

Problem Agssimment Ko. 10031P

H. B, Newson and R. HeCord

We have previously discussed the usefulness of the inhour unit
because of its unambiguous definition in terms of directly measureable
cquantities, However, it is abundantly clear that calibrations must be
baged on long pericd measursments if accurate results are to be expec-
ted. Unfortunately, in ahoperating pile long period measurements are
very inconvenient. It is not only necessary that the pile be shut down,
but it must also be at such « tempersture that changes are not likely to
occur during the measurements. This implies a relatively long waiting
period while the graphite reaches %hermal equilibrium with its sur-
rowdings. In the cazlibrations described in Section ¥, it was fairly
corrvenient to perfore these measurements once to standardize the whole
set of ealibrations, although the accuracy of the measurements suffered
eonsiderably because of an attempt to perform them in the shortest pos-
3iblie time.

It will shortly be necessary to introduce poisons into the pile in
order to increase its power outnut. Reasonably well calibrated econtrol
rods will be very useful to cheek the progress of the poisoning experi-
ments. However, this poisoning will change both the sensitivity and the
shape of the ealibration curves. It would seem out of the cuestion to
shut the pile down fremently enough to recalibrate with long periocds
on the cold pile. An atiemot has, therefore, been made to substitute
& measurement en the operating pile.

“hen a chain reacting pile is off the critical condition it rises
or falls according to the eguation R

o

d inn "

‘-i

T the perlod 1s long. ihere n is proporiiconal to the power output of
he rile and a*is the pericd,

P ffe

A pile operating under equilibrium conditions at high power, how-
ever, will suffer a change of temperature for a very slight movement of
the contrel rod., This chenge of temperature will be proportional to a
chenge of inhours a o (To - Ts). ihere ofis the temperature coefficient,
To iz the temperature under critical conditions and T, is the temperature
at time T after the control rod has been moved, CombIning these two
equations we find that




dinn
8% ’“Sih@-&(?o—i'g)

Tais equation will not be exact since the equilibrium between the ine
stantansous neutrons and the delayed neutrens is continually being
disturbed by the temperature changes. However, Mr., Nordheim has dee
veloped an ingenious empirical correction which may be applied, {u-CP-1295),

Figure 1 shows a plot of the power level of the pile and of the
‘temperature against time, The two curves are similar, but the minins
are considerably displaced. It is probable that the pile hag not reached
thermal equilibrium at the time measurements were stopped, but there did
not seem to be any possibility of following them further with much ace
curacy. New instrumenis are on order whieh will probably perform this
vask and follow the complicated temperature changes which probably take
place for at least an hour after the change. The main effects from these
carves are probably due mainly to the change of metal temperature and the
latler part to changss in the graphite temperature which, however, have
probably not reached equilibrium,

Figure 2 shows a plot ofd¥iydb: againgt, T, - T2, This is plotted
only as far as the temperature minimum, whicl/the interesting region of
this plot. This is exirapclated back to To, which gives us a period of
1.3 reciprocal hours. This is equal to the numbdr of inhours within 2%.
From Jones' control rod calibration we know that the movement of the rod
was equivalent to 1.6 inhours, The result of the extrapclation is,
therefore, low, The lower curve, shown by crosses within circles, is
Herdheim's correstion. This extrapolates to exactly 1.6 ih., The method
bas not been carried far enough, as yei, to determine the accuracy with
which standardizations may be made by this method. However, most of the
difficulties which have been encountered seem to stem from the instruments
which are those built into the eontrol vanel of the pile and are not very
suiteble for ths purpose. There seems good reason Lo suppose that better
instrurents would allow %he pile Do be standardized with suffieient ac-
curecy by this method. The temperature coefficient o should, at first
ooy, the uncorrected coefficient for the metal as explained in Section

o
1ile

After the elapse of some time «Cshould be sgual toc{é. However,
provided o does not changze repidly during the course of th measurements,
its value is not important for our oresent purpose, It will be observed
from the correcited curve that the slope corresponds to .14 ih per arbi-
trary temperature unit or .82 ih/® The thermocouple was in a position
where its intensity relative to the center was .8, o' at the center
should, therefore, be .57 ih/T If the inhour change during the experiment
is divided by the temperature change from the infitial conditions to the
firal value a coefficient of 1.0 ih/¢ is found. If we convert this to
the activity center we cbtain .8 ih/% These values are somewhat dif-
ficult Yo compare with the results reported in Seetion III. df‘m, as given

.
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there, must be converted to the new ecazlibration and corrected for the
fact thal the slug is somewhat off center. This gives <43 x .96 x 1.2
=49 ih/P. ¢, must alsc be correcied in order ic compire with measure-
ments at the egnter, since the centér of the nile is off the maximum of
the temperature curve for which applies, this correction will raise
it somewhat. The value should be approximately ,66/.95 = .70. The ‘
agreement of .57 with .49 iswthin the spread of measurements of ine

The value of .E exceeds the value «y by about the same amount. - Con-
sidering the errors in convertipg fwam measurements at one point to
thos: ab another, this is reasonably good evidence that the tempersture
coefficlents during the short period of time which determines the ex-
trapolation curve is not much above o{ry, DUt that the temperature co-
efficisnt does change considerably during the course of the whole measure-
ment, This may be seen by plotting the rest of ths peints. Figure 2 in-
cludes only those poinits up tc the temperature minimum. The rest of the
peinte while near the curve, show & definite trend away from it.

We are indebted to 2r. Kanne and several others for help in as-
 sembling the apparatus and in taking some of the measurements.
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Control Rod Oalibratj?ons’ and Absorption Measurements

Problem Assigmmont No. 100X1IP

Haydn Jdonzs

If one aitempis to calibrate the control rods of a pile operating at
& high power level by maldng periocd measurements, it becomes apparsnt that
the method is quits inapplicable due to changes caused by temperature
drifts. To circumwvent such difficultdies, the following procedure was
usad to calibrate the #2 contrel rod (0, =10.5 to 18, ~7.13):

1. A sensitive type K potentiomster was oonnected to a thermosouple
soldered to the Al can of the 35th matal slug in channel 1859 (0, 0, 9.13%).
The temperature of this slug was kept essentially constant during a set
of measurements by varying the power leval of the pils.

2, & cadwdum strip 2-1/4" wide x .U19" thick was used as a standard
unit of reactivity by placing 1t in slot #58 (~9, =18 to 0, ~9) 8o that it
extended 44" into the pile from one edge of the pile to the widdle plane
{or ¥ = O plane) of the pile. This is a reglon of very low neutron density
80 that this rather large piece of cadmium had a amall effect on the re-
activity of the pile (2.8 inhours). The number 2 regulating rod runs
parallel to this slot some 73.5 inches away. The perturbation caused by
the Cd strip on the neutron distribution was negligible for mnst of the
pile. Any shadowing effect on the #2 rod is well within the experimental
SITOXS o .

3. Using the #1 regulating rod (0, #10.5 t0-18, 6.87) as & compen-
sator, the sensitlvity of the #2 rod was detarrined for variocus positions
of the ¥2 regulating rod taking the Cd strip as the unit of reactivity.
That 1s, the pile critical position for the control rode was determined
for a glven posltlon of the #2 roguleting rod. Then the 04 strip was in-
serted slowly and the pile teuperature held constant by moving the #2
regulating rod out--i.e., pile was kept opersting at essemtially the same
powsr leval--until the Cd strip was at its "in" poeition. Then a new erit-
ical position wes determined, The diroction of uoticn of the cadmium strip
and #2 rods were next reversed until the Cd strip was again out of the pile
and a ecritical pesition agein determined. When we first tried asuch measure-
ments, we held the powsr level constent during the manmipulations, but the
slight tesperature changes introduced considersble error.

Figure 1 shows the sensitivity curve measured in this way.
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The seiting of the selsyn ie essentially correct since the center of
the pile 85.5% was designed to have occurred at & reading of 84% out. .

' Two attenpts were made to fit the experimentel date by a Bessslts
function. These are shown in Figure 1. Since control rod #2 cuts through
only a small portion of the metsl lattice s the theoretical f£it could not
be expocted to bs perfeet. In the case of the #1 control rod, the fit
wlth a Bessol's function was excellont, the avesage percentage deviation
being 4,25, ’

4. The absolute reactivity of the Cd strip wes detersmined at a later
date from plle pericd measurements nade with the pile cold end operating
at very low power levels so as not to disturb the pile tenperaturs,

Four separate methods wore used:

(1) T™he standard Cd strip was in the Pile when it was started ang
brought to essentially a criticel position, Then the Cd strip was re-
mved frow the pile and the peried measured (1280 seconds) to give 2.73
inhours for the strip as calculated from the inhours formula (adopted
from the formle used for the Argomns Pile). & eorrection of 0.22 ine
hours had to bs made to this valus to correct for the feot that the pile
wag slightly off the critiecal position befors the Cd strip was removed,
The corrected value equals 2.95 inhours. ‘

{2) The pile was rurning at a constent power level. A Cd strip wao
inserted into the pile. The measured period was =~1302 seconds which is
equlvalent to -2.84 inhours.

{3) With the piis st a eritical position, the regulating rod was
noved out 36 as to give the pile a period of 2013 seconds which ia equiv-
alent %0 1.22 inhours reactivity. Then the Cd strip was inserted to give
the pile a pericd of =-2615 seconds or a reactivity of =1.39 inhours. The
Gifference in these roactivities should be that for the Cd stfip or 2,61
inhours. :

{4) With the controls set to give the pile a period of 558 seconds or
& reactivity of 6.07 inhours, the insertion of the Cd strip decreased the
period to 1057 geconds or a reactivity of 3.29 inhours. The difference in
reactivity due to the Cd strip is then 2.78 inhours, :

The averegs polsoning sffect is taken as 2.8 inhours for the standard
Cd strip. Thls value which was taken with the pile cold may be very dightly
nigh o use as & hot pile value (1%). : v

1f one integrates the sensitivity curve over its length, one gets the
total number of inhours eguivalent for the entire #2 control rod. This
gives 39 inhours which should be compared with period measurements made for
the almost complete removal of the #2 rod which gave an average of 34.7k *
< inhours.

-
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The discrepsungy is Jikely due among other things to an error in the
congtants of the reactivity vs. period formule used,

Calfg.bration of #1 Control Rod

The #1 control red (0, 10.5 to ~18, 6.87) was calibrated by vom~
paring its sensitivity againat that of ths #2 control rod, OCOrltical -
positions were taken for sbout 29 novamenbs of the #1 control red. Sines -
the #2 rod has a smaller effect on the plle than the #1 rod, it was neo- .
essary to imsert sxira C4d strips imto slots 59 and 60 to maintain the same -
level of oporation. These Cd sirips undoubtedly perturbed the measurements .
to soume degres. FHowever, the contimuity of the data shows that the effect
wan very amall. .

4 least gquares Seroth order Bessel's funcﬂ.on fit gave the sensitivity
in inhours per. inch as ' : ,

2,922 Jo? (—%'51%—’8- V2 +(30.252 )

where, 30.25" = dlstance from caenter of active lattice to control rod
channel . '

¥y = dlstancs from y = O plans alonz the control rod channel | yl= 88w,
115" = gffective radius of plle = 292 on,

2,922 = geneitivity in inhours per inch of such a contrel rod at the
canter of the central cell. o _

Using inforwation sbout the neutrgn distribution in the grephite shisld,
one can write a formile which applies graphite region of the control
rod's travel es - ’ 7

} y&So ol 3 - N -y 2 ’
.78 x 107 J o 18.8 - Qwa‘lm. |

!
i

where, 18.6% = the relaxation distance « 47,24 em
18,44 B padial dlsiruce ¥o & peint whers
) tae effsctive nsutron density is zero
5,78 x 1074 = normalization constant in inhours per inch

W R |y ege 3
bl lyi=88 " euJyz +(3°°25)2
An integral curve of the #1 contrel rod ls shown in Figure 2. The’
values in the region of ueual pile operation around =25 are about 14%

higher than those obta.émd from the initial plle start-up dota and abont
20£ higher than 23§Beriod messurensnts gave, These differences may be

czused in pari by the constants usad in the inhours ve. period formula.
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Rippls Ixperiment

Having callibrated the number 2 regulating rod, we decided to study
the ripple in the =zlow neutron intemsity caused by the rod structure of
the lattlce. To do this we placed small pieces of Cd sheet on an alumi~
num strip so that they could be moved back and forth in & foil slot across
the central vertical plane {y = 0 plans) of the lattice,

1. Three 2" x 2" x .020" (@ pleces wers scotch taped 8" spart (the
lattice spacing) tc an alumlnum strip. The strip was elid to the center
of the plle, i.e. the center of the middle Cd piece was in the y » O
plane. Measurements of eritical positions were taken at two inch inter-~
vals over the central 32 inches of the lattice. Runs were mads in slot
#50 (9, =2 to 2, 9) and elot #52 &,9, -2 to 2, 9) where the graphite tem~
peratures were around 20C and 75°C. No obzervable difference due to
tenperature flattening was measurable., Figure 3, showe the experimental
results.

“hen & vorrection is made for the gener:l shape of the pile intensity
distribution in this reglon you get Pigure 4. The zZensral downward arift
is caused by the fact thut different amounts of aluminum are in the pile
for the various usasurements.

The sinilar msasurements made with five 1% x 2% x ,020" Cd pieces
spaced 8% apart are also included.

The ripple had been mesasured earlier using Cu foils as detectors.
4 5% vardiation in intensity was observed, The transition region between
the graphlite shield and meial-loaded lattice has been investigated using
0™ gran indlum detectors. (Technicue described elsewhere in this report. )
Typical residis siown in Figure 5 indicate a 7% ripple. The control rods
have a vanishing snsll ripple due to the fact that the rods absorb all of
the neutrons in their neighborhood so that there is nothing left to ripple.

Axial Distribution

A 2" x &% x ,020% ¢4 plece scoteh=taped to an aluminum strip was run
into slot #62 (18 to =183, 0, 0), This foil slot runs parallel to the
metal rods, Critical position measurerents were taken for one foot nove-
ments of this Cd piace. In order te eliminate long time drifte of the
pile and to help locats the center and ends of the intensity distribution
more accurately these data were analyzed (o give us essentially the deriv-
atlve of the square of the neutvron intensity. The curve of Figure 6 is
the 2in 2¢ with & width of 200" and its midpoint (.51, 0, 0) at 12.34

fest from the Iront face (18, 0, C) of the graphlte. The metal rodsl.l”diam.run

parallel to the x-axis starting 21.5% from the front of the graphite and

extending to the rear edge of the graphite being conposed of 65 aluninum~
coated metal slugs 4.1" long. That is for the amaln central cylinder of

the pile, the metal extends from x = 15.2 unlts to =13,
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Ripple Corrected for Gemeral Pile Shape
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The experimental peints, Figure 6 s show that the intensity of neutrons
alon; the axis-cylinder quite accurately fit a cosine curve of width
Toa 300" 1" and zerc angle at 4,08" back of the canter of the graphite
lattica. :

Effect of Poisoning

& Cd wire 0.1016 om diameber and 140 om long was scotch-taped to an
alutdun 8trip and inserted in slot #62 (12 %o -18 5> 0, 0). Critdcal posi-
tions were taken for ome foot axisl shifts of the wire, Assuming that the
plle inteneity foliows a cosine functicn along the cylinder-axis, we cal-
cilate the curve drawa in Figure 7, whers the abscissas are distances from
the canter of the pile intensity to the center of the 140 cm length of Cd
wire. lhen adjusted by the method of least aquares to the experiment
points we get the sensitivity

b
R = 242 | 2 oue:
ax T ,‘_;] eos® gdd
&

where R is in inhours and L is the langth of the wire in feet betwsen

& and b. Using this formula one calculates that an eight inch (width of
coll) piece of Cd {dlameter s .10L6 cm) placed in center of siot #62 would
effect, the plle by .82 inhours or for the central esll of the pile it
would effect the pils reactivity by R = 1.0096 inhours.

Using ak = k . fed » where 4k is the change in k near k = 1;
) Gesil Jed ~
fed & 7 dlameter x length of Cd wire, i.e. sffective ¢rosg~section of
- & v )
0¢ wire in the cell; fesll= 1 Ju ou ru B . Verede W
1.4 7 Au “Ae

with V = volume of muterial in cell, F = dengity, 7= atomic cross~sece

tion, ¥ = avogodro's rumber, 4 = atomic weight, wo get Ak = 0427,

Taidng Ak _ 2,29 x 3&»"'55;, where n = the mumber of sguivalent central
S A - o
esll: we gat n = 2K p - 22427 ® 1847 central
2.2% x 10798 2,29 x 1077 x 1.0096
ecslls, .

A sscond over-all measurement, made at & later date s B8Ve n = 2002
sgzivelant eolls. Feld et the time of start-up calculated that the pile
had 5330 eguivalent central metal slugs. Sinee the siugs average 4,17
ir lengbh, we have 8%/4,1% = 1,95 slugs per cell, Since the polscning is
proportional to the squars, we evaluate: | J9{(x)dx- { cos? ada _ 0,608,

Jd(x)dx ° [ cos sda
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2,7k
which gives n = 2,26 ¥ 5330 % 1.95 x 608 = 1996, as the number of quiv~
alent cells on this estimate, where the factor 2.75 x 10™3/2.29 x 10”
is introduced to correct Feld's value to the constant we wsed in our cal-~
culaticns, :

Using very similer arguments, we calculate the nupber of eguivalent
gentral rods as 102,

Pile Scanning

As we seaw in the seciion on PAxial Distribution®, the sguare of the
reiative neutron demsiiy in the pile can be found ty inserting poiscning
materiai (such as a sontinuous Cd strip) and obgerving the change of the
eritical position on = calibrated contrel rod. Thls has been done in sev~
eral foll slots. Typiscal dats ave shown in Figure 8, along with a Bessel's
fumct%eﬁ fit end normiized foll scamping data. (See sestion V1, Figure 4
al&?ﬁ © » ' :

I the reglon of the graphite shield the neutron distribution should
£it an resgion - ( ;“
eXp G I hep ~(her J

z.:fzgzeb ~¢ D

where, r » radial distence from center of pile ﬂ)fyzq-dz s ¥ = distancs
along £511 slot, d = distance from most aetive rod to foil slot, h = pradial
distance from eenter where the intensity I = 0, b # relaxation distance,
Now, if intensity measurevents are taken at squal r intervals and we use
sete of Lhree measursments Iy, g, 13 at r}, Fys g with rz-rlFD=ra-r2,
then the following convenient computdtion For as” are useful:

. = a/l <11+ 1)
D D/@G)Sh (--I-2-> ﬂ-ﬂuéﬂ-é

: by /D CPof]
nw i 3% - Iye o bin 12 »/ = Iqe ol
2 ., &= .

Using the smsll 1@?6 gm indium folls we have founds
| 3476 = & - 149.6 - 1
I & %3* :‘g 1806 - g 153';6 ;

fits the data for slow #59 extremaly well with 4 = 30,254,

I am particularly indabied to G, V. Packer for assistance with the
euILY measurenents, 7, V, kKelord heliped with the later work and computa-
tlona. The fell scanaing deta taken concurrently by C. Qlifford's group
often served as & check or = guide to $his study. At sany points Thelma
srnette and Linds Tabison helped with computations. This problem and its
method of soluticn were given to me by H. #. Hewson whose encouwragement
and suygestions throughout its performance were very gtimlating. -
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¥I. Feutron Plux Neasurements

Liem Assignment Mo. 10GZIP

- ' C. C1ilforg, T. Arnette, G. Hewitt, L. Wablson

Cur first measuvenents of the distribution of neutron flux in the
pile were based on measurcments of rather large copper foils. 4 et of
these messurements was raported in CP-1081. The coopper foils were un-
gsatisfactory ab high powsr cperation, The activity was great encugh to
appreach ¢ health hagzavd, and instruments were not available which would
nessure the strong activity accurately. A Lavritsen electroscope was
actually used. It was f);f& that, the reproduceability was poor, and that
the deeay curves were no® consistent., However, cne run wes made where
the copper folils were a;ntributeé in all ten foil slots at & spacing of
one lattice unit. In all cases the foils were about 3 cm immediately
under the melal rods, ”"18 set was exposed at low power, and measured
on aS-pray counter. The results here were betier and a number of in-
teresting elfects were observed, However, oportunities for operation
at low power are too irfrequent to make this & shtisfactory method of
procedure, and 1t was decided to develop foils which could be used &t
£xll power operation.

In order to measure the neutron flux in the Clinton pile using
counter technique it was first necessary to develop a $type of foil which
could be counted by the standard thin walled glass Geiger tube, from a
metal with known resonince levels and half life and mlﬁu a reasongble
length of exposure time in the intense flux of 3 x 1011 n/em?/sec which
preveils st the center ¢ the pile at present operating levels.

Since indiuvm is well known and in freguent use it was decided upon.
Geleviabicn using the cross section of indium and the approximate nv of
the pile at aboub 300 kv indicated that we would have Lo use of the order
of 100 grazms of mebal to get an initial counting rate of seix thousand
counts per minute after 71

"ive to six minutes exposure in the pile. It
was then pecessary %o delermine czome means of consiructing a number of
gbandard folls which wcm_; weve fixed geomebtry and which could be handled
conveniently. To do tikis we decided to evaporate a fixed quantity of di~
Lube indium nltrato solutiorn upon & small square of cellulose acetate
plagtic suest 002 inchen thick. #e used a technigue developsd by the
nizrreghenists invoiving a 005 co pipetie ané'a snall syringe to denosit
4 froolet of solutiow (.2 grams of indium and two oo of concentrated
nitric acid per liten. Tn crder Lo make & P@mgdﬂabl@ aunber of foils con-
venieatly we deposzitsd f£ive to ien drops of sslubtion upon a square of cel=-
ivlose acstate which h2d been hedted in a n sluminum btray at about 70°C to
cause it to lie fiat irn “he tray. The drops were then evepcraled on the
plate still at 70SC. Afver they were ovaporated the first sheet was
ccverad by & second of the same cize and thickness and both were heated

3 o
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te zbout 3509C in order Yo seal them together and prevent the loss of
any of the indium. It was very necessary to keer all the opsrations
comnietely clean as a smell amount of contamlnatlon was deadly to the
results,

The dropz were then cub out of the large sheeb so that they were

in the middle of a foil I/k sq om in area. The foils were kept in card-
board holders to keep thenm clean and mrbered, e tesbed each foll by
placirg ten foile in one eardboard holder aond 1rﬁadlatiﬁg them in tha
pile, The foils saemed o De quitesagﬁmmmm?and in the graphite shield
of the pile bub as we siiempted to msasure on into the conter of the

vile we found that we anvli have to diluie the strength by one third in
order to count &hf foils within an heur after they had been exposed,
Since the power at which the pile was rumaing waried we tried the foils
at ragdicelly different power levels and Tound a consistent linearity
with the galvanometer used to monitor the nile. To convert the data into
a usefiul. form we czlenlaied the saturated activity per kilowatt,

In order to p?atCF the personnel the small foills were irradiated
in the pile by plesing them upon a lucite st trip an inch wide and 1/8 inch
thick, Ue cheeked the sirip for absorpclon by running the folls on a
graphite strip of the sane dimensions and alsc upon an aluminum strip and
found no variation detecisbls. The folls were placed in a eolored card-
board holder which szeemed o beccme fairly radiocsetive and which cut the
intensity sbout L E .

The foils wers first made with 1 sq cm of celiulose acetate., How-
ever, it was found that boabarding the cellulcae acetate alone in the ref-
Llector gave a background activity with a2 half life of szbout nine minutes
amounting te about &% cf the activity of the indium. However, this back-
ground increased markedlr when bombardments were made near the metel rods
inside tha actlvv lattice, This indiecates that the reaction is due o

fast ﬂeu%vcﬁo. It was found that by decreasing the ares of the foil 1/& en
that the hackground was not seriocus, FHowever, when a foil is covered with
cadmivm snd the indlum ccunt reduced by 2 faetsr of 2, the backzround causes
some difficuliy. Comsecuently, the measurements of cadmium covered foils
are glightly less satiefactory than the ba e foils.

Tetde 1 shows the rerults of three runs mede with the foils. The .
feﬁ“c”uﬁ¢ulx¢uy is, on the vhole, gocdy although somewhat less satisfac-
tory than results of seunting standard indiwm feilsa The foils must be
handied vory cavefully in afi@” to mmold contazminating them and for this
reazei Lhe decay 18 followed for sbout one half 1ife and any foil which
Goes ot diseay norma¢hy’is imnediately thrown out and 3resumed to be con-

teminated. Table 2 gives the average count in saburated activity ner watt
of powsy cutpul of the plle for various foils both bare and cadmium covered,
“bo codmiuze rabio has 2 pearly esnstant value of agbout 1.05 within tne ac=
va latilice when measurzd &3 the boundsry of a latbice unit.

1..1.
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Table I

r2 pade in hole 59 wihdch is nine lattice uniis

od

the pile,

of the cooling channels and 3.8 lattice units
in

The cadmium covered foils are
corvested for a 7% a-&n*ption of the resonance neuirons in cadmium.

Total -od

Di s*a ice Lo, Distzrce from As/kw  Ag/ke Gd
slot center pile zenter Total Covered Corered Cd ratio

366 5.33

355 13.2

345 23.5

I35 32.1

325 43,3

313 56.3

305 71.9

295 91.0

285 113.¢

AL 1419 5.33 138

265 175. 9.63 165

254 217 15,12 203

244 265 38,3 227

239 292

234 321 64,2 262

229 351 99.5

22 323 95,5 282

2‘% &2 &»:39 .

213 23 428 162.6 267

208 L53 Do

03 449 208.7 L5

198 502

193 208 549 2A68.6 278 1.08

188 575 '
183 573

173 664 337 327 .97

15z 813 3%4.0 19 1,06

132 907 £45.0 462 1.06
iz 1050 £85,.0 564 1,16
Si.h ioez 640,0 L2 59

1.1 1151 647 .0 5

*»-10.8




This table shows thse typical runs aleng Siot #59. All runs were
without Cadmium.

Distance from . Run FL Run #2 Run #3
slot center b flen Ay fiew Ag/kw
latiice unitis

il 3832 382 382
20,75 418 ‘ 392 408
10.5 425 422 430
10,25 450 438 455
10,00 452 : 535 C L5
3.75 4538 395 513
9.30 532 535 547
9.25 556 572 582
5.0 ST 572 575
10.5 418 40 415
9.5 537 426 528
8.5 523 655 682
Tes 796 805 gié
&.5 912 876 898
3.5 1017 1008 906
4e5 1040 1060 1049
3.5 1152 1146 1180
2.5 1196 1265 : 1202
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Figure 1 shows & plot of the intensity of the bare foils, In
general, the measuremenits are made at the edge of the lattice unit,
thal is midway between tlhe uranium rods. However, for the last cell
the active lattice measvrements have been made every two inches te ine
vestigete ripple., The ripple amounts to a 7% increase of the count
immediately below a metal rod as compared Lo that midway between two
metal rods, Occasional pointe taken farther into the active lattice
indicate that the ripple i= sbout the same throughout. '

Figure 2 shows z lot of the thermal neutron activity and the
resonance neubron activily hear the edge of the active lattice. It
#1ill be ncted that ¢ erral intensity is nearly flat for approxi-
mately tvwoe lattice units and shows & slight maximum about one lattice
unit peycnd the active Zattice. These two ecurvss are in good qualita-
tive agreement with theoretical curves predictsd by Mr. Friedman: pare
ticularly the cadminm ratio insicde the active lattice seems to be about
as axpected, However, Irriedman predicts a shorter plateau in the thermal
neutron enrwe in nlace of the marximum which we have Tound, T

. Figure 3 shows & nlot of the thermal and resonance intensity as
a function of the distence from the center of activity of the pile,
3inee the Bessel functicn is nearly linear in that region the plot is
exbranoleted to zere intinsity to detemine the effestive radius of the
ile, This gives a2 walus of 292 em »= 14,4 lattice units, The radiusof the active
i ddl s apseedmaely 11,5 latbice units, which gives an augmentation
distance ¢f 2.9 =50 am.  This measurement seems to be considerably
higher than any theoretical prediction., However, there is a large per-
turbation; whieh it i3 dilfimit to explain completely in the neighbor-
hood of & empty channe: which, up to 2 point 30 cm from the foil slot,
is Filled with thoriun csrbeonate. This perturbaiion leaves a very short
linear cvrve Lo form bLhe basis of the extrapslation, .

~

&2

Pigure L shows the thermal and resonance activiities plobied on
semi-Llog paper. If an end correction is made assumling that the con-
crete shiclding ls smuivzlent to ten additional centimsters of graphite,
& rezlaxation distance of L7 com is obtained. This is in very good agree-
ment with the diffusior lengih of the graphite near the outside of the

piie.




b 3
ot

\t\

. & . ..,ui.?..t.tnwr:..bhuu ..»a,f..qls..:..v.l.sml
K] g

@ & -
T

URTSOUS

(¥

R . R

s e o o nnd ™SI GG T

vamng

i
8

o
.

SATUN SUTRIET SOURAST(
i
A

6

J29UB3 4078
wody S0ueysEp
°8A
mA/8Y Tel0]

hacll + X
S
4
Pl
N
~
oy
r4

7=
¢
)

;
Teampmn. .t ».\j. [T THETRREST FPRT L CYRESy. AV AP OO g oy

8
=]

R ¥




— Y-

| qTug 0TI PELEIS T -
m “ .w,. . ..“

AR S >

[xaY
i
LE Y
oY

£ @ @ & %] . @& & @B . @

EX L o ....u. ¥

N
A\
nx/Sy £9TsusUL
;

e
=
\\.\M\\ oCh—
- K :
s
' \:.mw ..A\M\.\\ o ’
p o
7 ’ \ » - \....B‘.
- % v .
\ i o
nW\ Y 7 2 §
,4\ Vel
i W Jajus? 018
oS WOSF 2IUeETd
4 e :
Y °SA
’ 8 4 .
, #% /8y sourvuossy 009
. ' _ Yy, o

nsp e .




, ‘SUS - JOAUSD WOIJ flie il
1 ¥ 7 H \ ¥ - ¥ \ i r ¢ v
08 o1 et om 09T 0T ow o o o ogr 00
. 4
. e

nm r.wtw % & & (2] e) \ O0T
\m) )
UNT A0, :

u_._*
E "]
&

£

. &
e, @
¥ &
i e
o
n.ﬂ-.

gm.v 0%~
=

| ol

% LqTAtq0® Teq0l 'V

“ DRJdsA0S PO o

9\—?
.x%i& .
e N Jequed oTid
-~ © WOy develang
- ..@b. . Q8...v

e
~ k&m&%ﬁ

€ °81g . 004~




,ﬂ
]

{ i
(é il

e 2243 wry

37
i}

lmf o0

ITEP 2T AL &) u

L

ey g
)

oruo $1{G

LD W

DTOTYS @3Tyudesy uf
8OTITATIOY SOUTUCSSY pus TeuIsy]

94

D}OIIUOD

0%
o gy
‘u e
ol
mpmm
>
& oy
GOT
vir
ol

ooy




| ! i P | _
ot 2z A 9t 8t 02 e

w 97TUR €2]39PT - JOqU2D WOIT SIuUwleTd

(3}
Y 4
o .
DG wazef
o

210

) 6%4 3978

TARACWSY

g0
/

£y,
o

830I5U00

) &
23TYC2IY
7
4
#

I

[ ‘
s/ d
£TATI00 N A

JO XBURIGE re ™

694 9018 pimoss

dutpect Jo e8uy ey
; P> 4 eanstd




~§,8~

VII.Redioactivity of Coolins Air

Problem Assignment No. 133439

#. %. Kanne and M, H. Wilkening

I. Zalibration of the Eguinment

Plans for the deiaction of redicactivity in the nile cooling gas
have heen described in IT-737, pege 5 and Figure 1, Air is sampled from
the otack side of the fans, passed through s chamber in whiech it can be
fillered by an eleckrical precipitator and a glass wool filter if de-
sired, thea through an srifice plate, through & large ion chamber and
retwued Lo Lhe suction side of the fans. 4 flow of 15 efm is provided
by the fan differential,

Thz lon chzmber is constructed so as %c provide six collecting
volunes bounded by planes which serve alternately as high voliage and
colloecting electredes, 41l the electrodes, ezeent the high voltage elec-
trodes which are fastensd to the steel shell of the chamber by means of
stenc-off insulators, ars made of an open mesh of wire woven on angle
iron frawes. Thiz permiis beta partieles arising in the gas to have the
Largest possible rangs. The effective internel dimensions of the.chamber
are S6-5/061 x 28-5/14F x 26-5/16", giving a volume of 766000 ece. _

This chamber was calibrated at Chieage by introducing into it 2560
ee of argon at 76 om pressure and 329 ¢ which nad been activated at the
ctron by & slow neviron flux of 4.2 x 10° for 45 minutes in & cone
tainer considered to he ©6.7% trznsparent. This amount of argen was
0.344 of the argon oceurring naburally in the air contained in the
chanper. The chamber currect chserved, corrected for the argon decay
duting and after bombardrent was 3.0 x 10~1% aup., The current then to
be exsected if all the air in the chamber had been bombarded similarly
wld have been 3 x 10~5i/ 34k e= 8.7 x 1071 ams,  The relation between
toe nvt ©o which ordinary air has been subject and the ion chamber current
38 than

£ .
nvt  £.2 2 107 3 2700 x 957 1 5 0 3
okl - .v im 1 4 b4 102 n/om
arp 8.7 % 10~1T o /em=/amp

I the argon cross-secticn is assumed to be .62 ¥ 107254 em2 one ean
letormine another constant of thre chamber, whizh is 047 curies/ec/amp,
* sonstant has bheen usaed to calibrate other ion charmbers and Geiger
count®s in housings by vassing She same gas “hrough the ecalibrated and
weelibrated chavbars,

j
same eonvainer in the Cliston Pile. Due to the aigher neutron intensity
It kas aok been possible %o get as accurate an sosolute value for the nv,

Thla calibration “as heen repeated by irradiating argon in the
hi
E
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but 2 celzsulation base? on bhe fotal energy outpul of the oile daring the
run 30 the previous ezlibvralion is in good agreemert with the nv to be
expected ab the place w2 pile where the argon wes irradiated. A= a
maiter of reecord, this indicates that the conbtainer ui tolal length 20¢
slacszd inio hole £60 o its end st the removable core reccived an average
DV o7 2.3 x 10T per 1200 k.

s

II. inalysis of the Argon dctivity

o decay periods other than the 110 mmargen balf life had been
observed in the cooling gas before February 156, 194, However, i" was
observed sarly after tho beginning of power oneraticn that the éhrgeing
throurh the pile picks up activated argon lonz afier the pile is skut
down. The curves cbbtained vary slightly with totsl air flow, but nazy
all show an abruph drop in aclivity followed by an exponential "3 agyrn
of about 25 min half 1life, in exbrapolation of thesz curves to the tige
of suut dovn shows that adbout cne-half of the souilibrium activity i
dus to argon tradpped in the grephite and released exponentially with e,
A correction for the decay of the argon indicates that it is actually .¢.
leaszd with a 33 min helf 1ife and that one-~third of the trapped argon ..
lost due to deeay. The total ergon produced is then one-sixzth greater

% 3%

than is observed at enzilibriun,

It should be rereried that the process giving rise to this observed
curre iz not uwnderstooi. According to measutrements by iMr. Levereiiis

grous there is aboubt seven times as much eir in interstices in the graphie
as thare is in the air chamnels., The "instanbaneous? ¢rep in activity
(antuallyr the dyop corrsaseonds Lo the mixing time in the filtering ang

ion zhanrbers) is not ascosiaied only with the gwaeping out of the air in
the sharnsls. It seems necassery to assume Lust sone of the air ih ithsz
grapaite diffusss out rapidly and some slouly but we can oroposs no
meshzaisy which would civide the air diffusing ocut of the graphits into

two components. A ealeulation shows that all of the air in the pile ine

i a8t in the grashite contributes to the agbivated argon observed.

£ Gyoieal operating relationship is that a chanber current of

~7 amp is cbserved wher operating at 87C iw {according to the

er) with an zir flow of 1,000 ¢fm entering and 51,000 ofnm

he pile. The %tobal argen produced would then represent l.4 x
G amp. and indicate s aversge nvt = 1.26 x 1020 x 1,4 x 109 « 1.77 x
10+% nfen? ap_this wetiize. The argon activiiy under these conditions is

’ . - A
5,65 ané 10—il curieg

1.2 = 7

Fren though the avorage nv per watt ia the pile is not well knoun,
& reasonable comparison with the expeeted nvi may be made. The effective
tronsit wime of the air through the pile mey be found by dividing the total
velwze of air in the pile by its rate of flow. The 4 8q in cross section
of a latiice wnit is esmoosed of aboub 61 sq in of graphite, 1 s in of
metal. and 2 sq in of air. However, only 1/3 are £illed, so an average
would be 2.7 sq in of alr, Craphite coatains 22.5% air, so this represenis

[
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per lzttice unit, or 16.,%6L = .256 for the fraction of the whole pils
that is air., There are then 3,520 cu ft of air in the pile and the
sverage trensit time is 5,530/46,000 = 077 mir or 4.6 sec, The nv at
the center of the pile is L x 107 per watt and the averags in the pile
is one eighthof this, or 5 x 1Ch per watt., This is an average over both
the lcaded and unloaded narts, The nvi to be expected for comparison
with the chserved figure jiven above is then 5 x Ch x 870 x 103 x Lo e
2,0 x 10WE n/om2, Considoring the present uncertainty in both the power
celibration and the average nv, this is exbtremely good agreement and the
result might be used %o culenlate one of these if the other were known
aseureiely.

chout 51 = o225 == 13.7 £ in of air, giving & total of 16.4 8q in of air
. 3 =] aq

177. ¥Evidence for Fission Products in the Cooling Gas
1 L.

g

The stack aetivity meter has twlee indicated activities about 15% -
in sxeess of normal with Loth the precipitron and air filter in operation.
The second of these bursis occurred during the morning of February 14, 194l
and severs) obher measurcments were made during the perlod of inereasesd
acbivity. The precipitron caused aboub 1.1 div/min drift in & Lawritsen
ezl}getroscmae held up to “hie outside of its chamber and the large air duct

’17 ﬁ‘i‘f’ caused a d-ify of 10 ¢iv in 41l sec instead of 10 div in 3450 sec,
wiich Vr. Sinclalr said hiad besn obaserved before January 8. A small
eylindricsl chamber was aating as stack monitor while the large rectengular
shamber wos running a basiground experiment. The large chamber showied

4hat the pemma radialion Irom the precipitron chanber and the piges almest
doubled at thies time. Usndoubtedliy, these two bursts of activity were due
“o agsbing fallure.

er evidense was obtained indicating thet large
sion products are entering the cooling air. 4An
ahout 20% over normal aetivity was observed in the large chamber

neresse of

nd a decay half life of about 4 minutes was obgerved for this excess ac-
sivity % was admitted Lo the chamber while the preecipitron was turned off.
T is approximobely equal to the change over time of the gas in the

and larss chagber and this measurenent is in agreement with the
s that the hnf 1life of fission product is sgual to the time
dment. Tt was possible to get much *youngert gas into the semall

wag done D permitdting sbout 20 ¢fn Yo flow through the lar:e
3h eh is in parillel with the smaller one, and then closing the

T » larger one, This £iils the small one very guiexly. Iore than
E: normal argen asnivity was cbserved, showing e beginning half 1ife
of 2 ; The rapid decay of these materials makes it dif.-
Tiew e activitios ab any pardicular place and time, but it may be
setimeted ihabt about 'L o per minute was coming out of the stack st the
Lime thesc measursmente v Veasuremenis on February 19 and February
31 choved successive redushtions of about % in 4his sxbtra activity, and as of
Hareh L i sesms t0 be eguel to the argen in intensily, '



-,

Eperiments with Lhe precipitron and the glass wool air filter in-
dicate that the preciplivon is highly efficient in removing fission preducts
from the gas stream, bw. the air filter is only about 50% efficient. The
orecipitron can be recomuended if the removal of such products from a gas

is reguired.

The activity collacted by the precipitron can be measured on the
outside of its sheet stesl housing during operaticn or very near its platss
after opening the housin;. It requires about ten mianutes to purge the air
systen and to open the housing, Electroscope measursments were made in
both ways periodieally otk before and after each of the suspected coating
failvres, yebt no achiviir appreciably above elecirossope background was ob-
served except during tho second radiation burst, This indicates that the
dangers of accumulated contemination are not ¥et gppreciable, On the other
nand, there is no recorc that the chambers were cperated with the precipia
tron off st any time beiveen the two coating faifures or after the intro-
duction of the heat exchunger or January 8, and {he negative readings on
the rreecipitron can no longer be considered evidence that fission products
did rot enter the air ‘eam durdng this ¢ime. The records show that the
secord fallure was of longer duration and it ray have been the more serious
of the tvo,

=N

i

The equilibrium hockground of the large chamber is now (middle of
Febraswxy, 1944) about fifieen times thet to be expesied on the besgis of
measurenants made in Chicage last August, and abcui thres times that ob-
served labe in December. 1943, The Zotal background in the large chamber
is now about 5% of the cotivity due %o argon. On Fzbruary 11 the chamber
was purged with non-active zir and a decay curve on the background was be-
gun. A single experiment hes 8o far been analyzed into three periods,
Strong activities of aprroximately 3% min and 17 days contribute rcughly
equal equilibrium intencitiss and there seeme to be an & hr pericd of
shoud 1}2 the intensity of the others. The periods given are nct claimed
to be accurate. They ave probably daughters of fission oroduct gases which
either car? directly fren the pile or were crsated in the precipitron.

i

K, W, Newson and I, W. Nordheim have contribubed o the work des—
eribel in this seetion of the report,
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Appendix

The Z Pile Csordinaste System

It has bsen found exvedient to devise a coordinate systen for

the { sile %o be used in designating positions discussed in reports,

Coordinate x: east-west direction; - plug)east of x equsl O -),/?’
minus gwest of x equal 0 Top
+5 g?“%
Coordinate yr north-south directiong plus,south of ¥ egual O GWﬁ;pe
s N « 11
minus,north of ¥ equal O ,T > 4x]
. . . . & :
Coordinate z: wverticsl directions plus; above z equal O ty. : i
minus;below z equal O _South {
 BExp. face

Since a unit cell is 84 x 8% x 8", one unit has been made to equal
cight inches., X =0 and y = 0 ars at the geomeirical center of the packing
and of the metal. 2 = C is in the same horisontal plane as the teps of

slots 59, 50, 61 and 62, which is .250 units above the geometric ceater of
the pacsking. '

Sketeh No, 1 showb the relationship bebtwsen 2 -« 0 and the metal
channel #1358, which is the geomeiric center of the metal matrix in the
z and 7 dircetions. .

Givan below are the g
yPaen

he pesitions, directions, and distances of
racking and shield surfaces £

rom the origin,

Pogition Distanece from u "1n

Tor of pile {ecarton)
Bostom of conerete ropfd
Poy of shield (ouber)
Soth nuler face

ry

equal 18,00 units - top of layer
emqual. 19,28 units
egual 29,75 unitis
enual 28,563 units
equal 18,13 units
emal 13,00 units
equal ~28.63 units
egual ~18.13 unils
equal ~15.00 units
equal 33. units
equal 22.5 units
e@milg,uﬁts
emual =37.5 units
equal ~2?.O units
equal -18.0 units

Jevcadin T ®
Soath inner face

Soath nasking face
Horih Jzﬁer Pace
Horth innsr face

wh ac {114 face
!—

R )

=

inner facs
paoging face

fi)

*3

M

Iy

0

RG]
AR R



S ‘.}'-"L’?Efﬂu.
SN
a

22
H

|
:
\
%
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Table 1 gives pesit and ranges of the rods, foil slots, and experi-
mentel helez in terms of coardinate systsm,

Fer exemple, #56 (9. y, -9) 28.53 to -28.63 indicales that the hole
is in the north-soubth ¢irectlon and it extends throush the pac&lﬁv and
shield im both directions to the outzyr surfaces., It is 9 units east of
¥ ee (¢ and § unilts below 2w O,

Table 2 may be used Lo determine the location of metal reglon For
exancle,

A X raage ¥ range

i -18 to 15.3 -1C o 10
describes z horlzoatal rectangular region of metel egtending throvsgh the
pile froeast $o west ard fyam i0 units north of the origin to 10 units
scutt of 2% in - the 2= I piane,

1% should bz mentioned iy e : Wi 1@1& 2%s use that it is
Iimited to the srransement of met that 4 November 15, 1543 since
it was based on that :

I’ A

he metal rods of 30 slmv: are gymmetric with
wwanel,  The wodes of 65 slugs are flush &
iaches in from the charping end.

. raspect to the cenber:

zainsl the discharge end

(8
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T “55=
Teble 1

Eserimental Fole, Foil Slot, and Conirel Rod Posgitions

Hole Mo, Position Range of Variable

1 ¥,6.75) 28,53 to -28,63 ihrougn sShield walls and packing

2 {u" ’_7 2:) 1 " o 24 3 " 1 I

3 \ 3;3 ,ﬂﬁ) : [ " 1" i [ A 8 "

A 03,3’, o 5") [ 1 1 " 1" " s %

5 n-,,y,—S 25) 1 " & § i 11 1 "

6 (3,7,~3.25) & . . » ok . ® 3 "

7 6 25,3.5,2) 2935 %o «6.25 Through Top Past middle of packing

& __6 25’3‘ S;Z} ] ] f 2] [ 1 ] " "

G { b, 25 _3 5 2 }, 1] # 1" # W 1 " " L
10 { ..6 . 23 ’.,_,3‘ 5 ’2) 1 1 ] 7 " 1 " 2] "
11 (._‘ 5’-60 5,3) it 1 " 1 1 L i 1t n

. 13 (-Lyj,*o75) 28,63 %o -28.63 Throurh zhield walls and paciing
1& 1\' R Y;}- 7 5‘ 1 5 u 1 1 1 1 "
15 (J;E' . 75) ' " " " H @ t o on #
16 »,y,l 75} " ] n ¥ i " o "
17 1 3 3T ela 5) ] it - 13 3 " it "t
18 { ...8 V,-—2 25) 1 " " o " " [ 1
18 “’L,V,"Q 25) " " i ” 5 n " oon
20 (u’y,_‘mz‘)) " ) 1 E 1" ] 1t 1
21 \4’3 3~2. 25) o n " oo 1 n " "
22 4 {3,y s=Ra25) " n " " 1 u’ " "
30 \uz 7-¥,18.58) -28.63 to ~12.SU Throuzh shield and on paecking
31 i "74: ;{) -1 18“ "” ts ot i t n " "
32 :?.;3 »v,»&.o&; -28,63 to ~18 13 In Ou”h shield ‘
33 (12,7 joy 2,64 n " n
34 in£,7,\ 18.35) 28,63 tc 12,50 Tn?.ugh shield and on pacsing
35 -7 79-,}-; 18, 58) i " ] i " [ "
36 ~12.7,7,~12.95) 28,653 i‘.o 18.13 Through shield
37 :_"“7 v.el2. 5\ # n i 1t
0 {oa,12,11,25) ~37.5 Lo =27 " E
Al “*{ 3 ? 25 ) " it 17 n i
42 { —-_‘,,3-.7 s a25) " ) n " 1
£3 ;,.&570‘23} W on n i e
;jd‘ i : _m,-1<.5--/¢.7f:} ® 1 % 1 [
L5 ‘_'1"’_9.7’1 1} ”® ] f
b6 ’m93~,,12 z) 22.75 %o 19.25 Th?ough top
L7 4 .,,’)l 7 £, 0 52 ) t ] i
50 . 23.63 to -28,63 Thrcugh shield walls and packing
51 { ¥, : s r 1 # ! 1 n "
52 \ o " 1t 5 B " i ]
53 . -28,53 to -1,.88 Tﬂf”'?h north shield wall tocore
8k r # " " # Rl o noon
L33 { o 1 " # ‘ I " " TR
56 g 28,63 to -28.63 Through shield walle and,pacxing
&7 { 3 % 0" " ] ¥ o L
=g : ) n 1 # ¥ " i i’
59 (o 23,63 to 1 88 Tarcurh south ShlelQ #all to eore
A0 {¢ ] " 1 1 1 " %
£1 {- 1t " " % @ " " 1" "
52 {2, 33 to 18 Thz uzh east shield and paciking
. £3 (zvns,y,zz.,o) 28.63 to -7.5 Tarough south top past center top
A {14.25 3Ys22375) 1 % n i # 1 ” " "
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Metal Regions in X Pile

X range

~18 to 15.3
"

1§ ”

8 i34 "

" " ]

11 it 17

i " it

t " 21

t§ " ]

] 43 i

4] H ]

" 1] "

L 4] 7
~Fe 5" 7.5
~18 " 15.3
~T 5” ?:0 5
=18 ® 15,3
""7 . 5 # 7 . 5

% 7® L

ki1 i i3

4] 14 1
"18 i 15 ° 3

4] 1§ t

i i1 £

® # ¥

L ot k44

1 " ’f

1" i 13

-16.25% 16.25
-18 " 15,3
~16.25% 16.25
-8 % 15,3

~16.25" 16,25

¥ range
-1¢ to 10
o on
~11 # 11
[ N I T
-10 " 10
11 ® ¢
1 " "%
1 it
¢ " 9
LI I
-8 " B
-7 v 7
-7 on g
5 N &
-7 n9
-3 v 3
7 "7
L
-5 " 5
-~ "
-10 " 10
<1 " 10
~10 *# 10
- "9
it it ”
£ " g
<7 7
% v 6
-5 v 5
-5 "5
-3 " 3
1ot %

3C slugs

30 slugs

30 slugs

"
"
bi]

L
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